Abstract The effects of carotid chemoreceptor stimulating and depressing agents on internal intercostal muscle activity (IIMA) were studied before and after surgical denervation of the carotid sinus nerve (CSN) in the rabbit. An intracarotid injection of 30 µg of sodium cyanide (NaCN) during inspiration caused an increase in both IIMA and respiratory rate (RR). In contrast, intracarotid administration of 10 µg of dopamine (DA) during inspiration resulted in a decrease in both IIMA and RR. The NaCN-and DA-induced characteristic responses in IIMA were abolished by the section of the CSN. The results indicate that the excitatory and inhibitory responses of IIMA to intracarotid injections of NaCN and DA are mainly mediated through carotid chemoreflexes.
The excitatory descending inputs from bulbospinal expiratory neurons projects to the spinal expiratory motoneurons innervating internal intercostal muscles (KIRKwooD and SEARS, 1973) . Spinal expiratory motoneurons, however, are known to receive reciprocal inhibition from bulbospinal inspiratory neurons (SEARS, 1977) . Recent studies have shown that there is a direct synaptic input from the carotid chemoreceptor afferents onto medullary expiratory neurons (KOEPCHEN et a!., 1973; DAvIES and EDWARDS, 1975; LIPSKI et al., 1984) , suggesting that the afferent information from carotid chemoreceptors is capable of modulating the activity of internal intercostal muscles. In fact, there is evidence that hypoxia and hypercapnia cause an increase in expiratory muscle or nerve activity YOUNES et al., 1974; KELSEN et al., 1977; LEDLIE et al., 1983) . All of these studies, however, failed to demonstrate the change in expiratory muscle activity after surgical denervation of the carotid sinus nerve (CSN). Thus, it is necessary to elucidate the role of carotid chemoreceptors on expiratory muscle activity.
On the other hand, administration of sodium cyanide (NaCN) in the cat produces an increase in carotid chemoreceptor activity (NIsHI and EYZAGUIRRE, 1971; SAMPSON, 1971; MCQUEEN,1977 ). An intracarotid injection of 30 µg of NaCN in the rabbit leads to an immediate increase in ventilation or phrenic nerve activity through a carotid chemoreceptor reflex, although it produced no effect when the CSN was cut (MATSUMOTO et al., 1980b (MATSUMOTO et al., , 1981 . Furthermore, the dopamine (DA) contained in a large amount in glomus cells of the carotid body is shown to cause a decrease in chemoreceptor nerve discharges in the cat and rabbit (HELLSTROM and KOSLOw, 1975; MCQUEEN, 1978, 1979; NISHINO and LAHIRI, 1981) . Low doses (3 to 10 µg) of DA injected into the external carotid artery in the rabbit induce a monophasic ventilatory depression which is eliminated by sectioning the CSN (MATSUMOTO et a!.,1980a) . These observations lead to the suggestion that the analysis of changes in internal intercostal muscle activity induced by NaCN and DA would be effective in elucidating the role of carotid chemoreceptors in controlling the expiratory muscle activity.
In the present study, the effects of carotid chemoreceptor stimulating and depressing agents on respiratory muscle activity (internal and external intercostal muscles and diaphragm) were studied before and after the section of the CSN in the rabbit.
MATERIALS AND METHODS
Twelve rabbits weighing 2.5 to 3.5 kg were initially anesthetized with pentobarbital sodium (25-30 mg/kg) administered through the ear vein. The trachea was cannulated for spontaneous breathing with room air. The femoral artery was cannulated for continuous measurement of systemic blood pressure and for blood sampling. The femoral vein was also cannulated for injections of anesthetic drug and saline. The anesthesia was maintained by additional doses of pentobarbital sodium (2-4 mg/(kg • h)) throughout the experiments. A nylon cannula (dead space, 0.2 ml) was inserted into the right carotid artery bifurcation via a branch of the external carotid artery. Prior to the cannulations, heparin (500 unit/kg) was given intravenously. In order to avoid reflexes mediated by the aortic body, the aortic nerve was sectioned on both sides. The rectal temperature was maintained at around 37°C by using a heating lamp.
The muscle activity was recorded with small electrodes comprised of two pairs of silver steel hooks. The two wires leaving the muscle were secured to prevent any movement of the electrodes. The electrodes were inserted into the sternal portion of the diaphragm through a small incision. The pectoralis and serratus anterior muscles were removed on the right side to obtain access to the external and internal intercostal muscles (T6-T9). The electrodes were set in the external intercostal muscles. Furthermore, the external intercostal muscles were partly removed to expose a part of the internal intercostal muscles. The electrodes were also set in the internal intercostal muscles. This procedure was done carefully in order to avoid pneumothorax or damaging the intercostal nerves. After the electrodes were set, the superficial muscles were sutured together. The muscle activity was amplified, integrated with a time constant of 0.1 s, and recorded on a polygraph. Prior to the experiments, blood was withdrawn from the femoral artery to measure arterial Pot, Pco2, and pH and these values were 82.4 ± 1.8 mmHg, 32.8 + 1.6 mmHg, and 7.394 + 0.008 (mean + S.E., n =12), respectively. Experiments were started after obtaining stable conditions in the respiratory muscle activity and arterial blood gas tensions and pH. The maximum heights of integrated internal intercostal muscle activity (integrated IIMA), integrated external intercostal muscle activity (integrated EIMA), and integrated diaphragmatic activity (integrated DMA) were calculated. Inspiration time (TI) and expiration time (TE) were measured from the recordings of integrated DMA curves. These parameters were obtained before administering test substances and used for control values. The pharmacological agents such as sodium cyanide (NaCN, 30µg, Sigma) and dopamine (DA, 10 µg, Kyowa) were dissolved in saline and administered to the carotid body area by injecting 0.4 ml of warm test solutions during inspiration into the cannula with its tip positioned in the carotid artery bifurcation. The values of integrated IIMA, integrated EIMA, integrated DMA, TI, and TE were measured after intracarotid injections of NaCN and DA. An intracarotid injection of warm air-equilibrated saline in a volume of 0.4 ml did not cause a significant change in both respiratory and circulatory responses. Ten min after sectioning the right carotid sinus nerve (right CSN), the values of the same parameters and arterial Pot, Pco2' and pH were determined. The values of Pao2, Paco2, and pHa were 79.5 + 2.1 mmHg, 33.7 ± 1.9 mmHg, and 7.382 + 0.009 (mean + S.E., n =12), respectively, and these values did not show any significant difference when compared to those before sectioning the right CSN. After obtaining stable conditions in respiratory muscle activity and arterial blood gas tensions and pH, the same dose of NaCN and DA in each rabbit were administered and the same measurements, as described previously, were performed.
Statistical analysis of the results before and after the section of the right CSN was determined by a paired t-test.
RESULTS
Effects of sectioning the CSN on the response of respiratory muscle activity to NaCN Figure 1 shows typical responses of internal intercostal muscle activity (IIMA), external intercostal muscle activity (EIMA), and diaphragmatic activity (DMA) to an intracarotid injection of NaCN during inspiration before and after the section of the CSN. An intracarotid injection of 30 µg of NaCN had an immediate effect on respiratory muscle activity. It increased the IIMA as indicated by the increased slope and height of the integrated IIMA, and the maximum increase in IIMA was seen at the third breath but had not returned to the initial level even at the 14th breath. The maximum increases in EIMA and DMA were reached within 4 breaths. The responses were followed by a phase of slowly declining activity which took 25 to 35s to return to the initial levels (Fig. 1A) . The responses of IIMA, EIMA, and DMA to NaCN at the same dose were completely abolished after the right CSN was sectioned (Fig. 1B) . The changes in integrated IIMA, integrated EIMA, TI, and TE after intracarotid injections of NaCN (30 µg) in 12 animals before and after the right CSN denervation are summarized in Table 1 . The maximum increase in integrated IIMA, integrated EIMA, and integrated DMA were 108, 86, and 78% of the control values, respectively during the first 5 s after the NaCN injection. In animals with sectioning of the right CSN, the values of integrated IIMA, integrated EIMA, and integrated DMA decreased to approximately 17, 8, and 17% of the control levels, respectively, and the characteristic responses to NaCN in such animals disappeared. The TI was between 0.8 and 1.0 s and it decreased by approximately 22% in 5 s after the NaCN injection. The TE, which was between 1.4 and 1.8 s, decreased by 53% of the initial TE after the NaCN administration and the response had not returned to the control level within 30s. The NaCN-induced characteristic effects in TI and TE were abolished after the right CSN section.
Japanese Journal of Physiology Fig. 1 . Effects of intracarotid NaCN (30 µg) at arrow on respiratory muscle activity before (A) and after (B) the section of the right CSN. IIMA: internal intercostal muscle activity, EIMA: external intercostal muscle activity, and DMA: diaphragmatic activity. Effects of sectioning the CSN on the response of respiratory muscle activity to DA The typical changes in IIMA, EIMA, and DMA induced by intracarotid DA during inspiration before and after the right CSN denervation are illustrated in Fig.  2 . An intracarotid injection of 10 µg of DA led to a complete inhibition of IIMA for approximately 35s and the IIMA response had not returned to the control level even at the 21st breath. The EIMA and DMA responses were also suppressed by DA and the maximum decreases were reached within 9 breaths (Fig. 2A) . The characteristic change in respiratory muscle activity in response to DA was not observed after sectioning the right CSN (Fig. 2B) . The responses of integrated IIMA, integrated EIMA, integrated DMA, TI, and TE after intracarotid injections of DA (10 µg) in 12 animals before and after the section of the right CSN are summarized in Table 2 . The maximum decreases in integrated IIMA, integrated EIMA, and integrated DMA were 92, 40, and 49%, respectively within 20s after the DA injection. The maximum increases in TI and TE were 25 and 40%, respectively during approximately 20s after the DA injection and their values had returned to the control levels within 60s. The DA-induced responses in respiratory muscle activity and respiratory timing were abolished after the transection of the right CSN.
DISCUSSION
The present study demonstrated that the excitatory and inhibitory responses of IIMA to intracarotid injections of NaCN and DA during inspiration were abolished by sectioning the CSN. The results indicate that the carotid chemoreceptors play a significant role in modulating the IIMA responses to NaCN and DA. Although the hypoxic effect on IIMA was not examined in this study, it is probable that the increase in IIMA during hypoxia would be mediated by the input from carotid chemoreceptors. Indeed, LEDLIE et al. (1983) pointed out the possibility that in the absence of respiratory movements, the hypoxia-induced excitation in abdominal expiratory nerve activity may reflect contribution of the peripheral chemoreceptors.
It was shown by ELDRIDGE (1976) that the latency of IIMA response by electrical stimulation of the CSN was much longer than that of phrenic nerve activity and that the prolongation of TE in response to CSN electrical stimulation given during the latter half of expiration was still present after vagotomy or by sectioning the spinal cord at C7-T1. He concluded from their results that the expiratory response did not appear as a direct effect on expiratory neurons but was secondary to the inspiratory response. The finding that there are relatively possitive correlations between the responses of expiratory and inspiratory muscle activities to NaCN and to DA may suggest that the changes in expiratory muscle activity mediated by the carotid chemoreceptor stimulation and inhibition are involved in a possible interaction between inspiratory neurons and expiratory neurons. If the magnitude of expiratory muscle responses is wholly dependent on that of inspiratory muscle responses, one would expect similar responses of both muscle activities in which the carotid chemoreceptors are stimulated by NaCN or are inhibited by DA. However, the present data showed that the excitatory and inhibitory responses of IIMA to intracarotid injections of NaCN and DA were greater than those of EIMA or DMA. Since the carotid chemoreceptor afferents directly project to the medullary expiratory neurons (LIPsKI et al., 1976 (LIPsKI et al., , 1984 and since the NaCN-and DA-induced characteristic responses in IIMA were abolished by the transection of the CSN, it is most likely that the larger effects presumably originate from the afferent carotid chemoreceptor signals. This idea was further confirmed by the finding that surgical denervation of.,the CSN caused a significant decrease in IIMA. Probably, a part of expiratory neurons in the medulla is tonically affected by the afferent information of carotid chemoreceptors. Many investigators, on the other hand, reported that the activity of some expiratory neurons was suppressed during hypoxia or brief stimulation of the carotid chemoreceptors (NESLAND et al., 1966; ST. JOHN and WANG, 1977; LIPSKI et al., 1984) . In addition, BoUVEROT and FITZGERALD (1969) reported that the sustained hypoxia produced a decrease in IIMA. These observations raise the question whether the decrease in expiratory muscle activity in response to hypoxia is the result of direct inhibition of expiratory neurons which occur via the input from carotid chemoreceptor afferents. The precise mechanism, however, is less clear at the present time. On the other hand, SEARS et al. (1982) found that hypoxic stimulation of the peripheral chemoreceptors in artificially ventilated cats resulted in a marked increase in phrenic nerve activity with reciprocal inhibition of the internal intercostal motoneuron activity. In spontaneously breathing rabbits, selective stimulation of the carotid chemoreceptors by NaCN, however, did not show such a response in IIMA and the increases in IIMA, EIMA, and DMA following administration of NaCN were eliminated when the CSN was sectioned. The observed discrepancies may occur as the result of different experimental conditions and/or species differences. Further studies would be needed to clarify the above problems. Although it is well known that the response of IIMA is affected by proprioceptive inputs from the lung (RUSSELL and BISHoP, 1976; DAVIES et al., 1980; FARBER, 1982 FARBER, , 1983 and from the intercostal muscle receptors (EKLUND et al., 1964; SEARS, 1964; ARITA and BISHOP, 1983) , the vagal mechanism producing expiratory muscle change is still debatable. Since the intercostal muscles have a lot of gammainnervation (DURON et al., 1982) and since the effect of lung inflation is still effective to activate the IIMA response in vagotomized animals (ARITA and BISHOP, 1983) , it cannot completely rule out the possibility that the NaCN-and DA-induced characteristic responses in IIMA would be partly altered by the input from proprioceptive receptors of intercostal muscles.
In the experiments with the measurement of FRC, BOUVEROT and FITZGERALD (1969) found that a fast increase in FRC during hypoxia or during infusion of NaCN or hypoxic blood to the carotid body region was not observed in carotid chemodenervated animals, indicating that the carotid chemoreceptors act to regulate the lung volume. However, other factors, for example, bronchoconstriction and residual activity of the inspiratory muscles may contribute to the mechanism of increasing the level of FRC, at least in part. The fact that surgical denervation of the CSN eliminates typical responses of IIMA to NaCN and DA seems to suggest that the carotid chemoreceptor afferents may control lung volume.
The regulation of TE is mediated by several mechanisms such as airway resistance, airway C02 concentration, FRC, and TI (CLARK and EULER, 1972; BARTOLI et al.,1973 BARTOLI et al., ,1974 GAUTIER et al., 1973) . A number of studies reported that hypoxia and hypercapnia were capable of shortening the response of TE without a significant or proportional change in TI (GAUTIER, 1973; DELPIERRE et al., 1977 DELPIERRE et al., , 1979 . MATSUMOTO et al. (1981) also reported that the increase in respiratory rate after administration of NaCN was primarily due to a decrease in TE. Similar results were obtained in this study because the NaCN-induced increase in the respiratory rate resulted mainly from a decrease in TE accompanied by a slight decrease in TI and these effects were not observed after the section of the CSN. Therefore, in addition to a contribution of the vagal mechanism, the carotid chemoreceptors participate in the induction of the response.
The central respiratory neurons are able to rectify the carotid chemoreceptor afferent information since inspiratory and expiratory volume effects depend on the time in different respiratory cycles in that brief stimulation of the carotid chemoreceptors or electrical stimulation of the CSN occurs (ELDRIDGE, 1972a (ELDRIDGE, , b, 1976 . ELDRIDGE (1976) found that stimulation of carotid chemoreceptor afferents given only during expiration produced the prolongation of TE accompanied by an increase in IIMA. BOWER et al. (1983) also found that the carotid chemoreceptors were capable of prolongating TE by detecting oscillations of Pa~02 within the respiratory cycle. The mechanism of producing the prolongation of TE, when selective stimulation of the carotid chemoreceptors was performed only during expiration, is not well established at this time. Conversely, the present study found that the decrease in the respiratory rate resulting mainly from an increase in TE was observed when the carotid chemoreceptors were inhibited by DA and the response was also accompanied by a slight increase in TI. The respiratory response to DA injection was eliminated after carotid chemoreceptor denervation. According to NISHINO and LAHIRI (1981) , DA administration did not significantly change the VT-TI-TE relationship. They concluded that the prolongating effect of TE in response to DA may not be involved in the vagally mediated respiratory timing mechanism. It has been reported that the inspiratory on-switch mechanism controls the TE by delaying or promoting the onset of the next inspiration (BARTOLI et al., 1973; KNOx, 1973) . MATSUMOTO (1982) found that the prolongation of TE was seen only when vagal stimulation extended into the next expiratory phase and the effect was usually accompanied by a decrease in both TI and integrated phrenic nerve activity in the next inspiration. Thus, the induction of prolongated TE after the DA injection may not be due to the activation of vagal afferent activity from pulmonary stretch receptor activity. NISHINO and LAHIRI (1981) reported that a part of a depressant effect of DA on ventilation still remained after carotid chemodenervation. In this study, the DA-induced characteristic effects in respiratory rate and respiratory muscle activity were not observed after sectioning the CSN. MATSUMOTO et al. (1980a) already ascertained that in the rabbit, DA in a low dose had a potent chemoreceptor depressing effect leading to marked decreases in respiratory rate and VT and these effects were not evoked after the section of the CNS. There is other evidence that in the cat, an intracarotid injection of DA led to an immediate inhibition of ventilation through a carotid chemoreflex because it produced no response when the CSN was sectioned (BLACK et al., 1972) . Therefore, it may be more conceivable that DA exerts its inhibitory effect on respiratory muscle activity through a carotid chemoreflex. The difference between the results of NISHINO and LAHIRI (1981) may probably be due to different experimental conditions.
